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Abstract—Depth information is an indispensable element in
depth image-based rendering (DIBR) for three-dimensional
(3-D) display. In this paper, we propose a novel depth sensa-
tion enhancement method to address the problems in multiple
virtual view rendering. First, as the depth sensation is decreased
when rendering intermediate multiple virtual views, the basic
principle of depth sensation enhancement is derived according to
the number of rendering views. Second, with the increase of the
scene complexity, it is difficult to ensure the depth sensation of
all neighboring objects. The saliency analysis is adopted to give
preferred guarantee to the depth sensation between the salient ob-
ject and its neighbors. Then, the depth sensation enhancement for
multiple virtual view rendering is performed based on a defined
energy function built by the number of rendering views and the
saliency analysis. Finally, considering the temporal consistency
between adjacent frames, the depth sensation enhancement is
extended to video applications with a newly designed energy
function with energy term of temporal consistency preservation.
Experimental results on a public database demonstrate that the
proposed method can obtain promising performance in depth
sensation.

Index Terms—Depth image-based rendering (DIBR), depth sen-
sation enhancement, just noticeable depth difference (JNDD), mul-
tiple virtual view rendering.

I. INTRODUCTION

HREE-DIMENSIONAL (3-D) display technology has
received much attention in recent years due to its im-
proved visual experience to viewers as compared with the
traditional 2-D display systems. Many types of 3-D display
systems have appeared, including 3-DTVs, handheld game
consoles, video conferencing, 3-D cameras, and 3-D mobile
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phone [1]-[3]. Compared to the traditional 2-D display sys-
tems, 3-D display systems provide an additional perception of
depth. With depth cameras, depth map can be obtained more
easily and accurately. Accordingly, various depth map-based
applications emerge and become hot topics in the research
community [4], [5].

Virtual view rendering, defined as generating additional
views of the scene based on one or several original views, is
one of the most important technologies to implement in 3-D
displays [6]-[8]. With additional depth information, depth
image-based rendering (DIBR) requires much less storage
space and transmission bandwidth, and thus becomes a popular
technology in virtual view rendering [9], [10].

One common problem in DIBR is that the human eyes cannot
perceive the change when the depth difference between objects
is less than a threshold. Depth sensation enhancement, which
can be used to address the problem, plays an important role in
3-D perception [11]-[13]. Yang et al. [14] evaluated the depth
sensation ability of observers to distinguish relative depths
between objects in a 3-D image presented on a 3-D display. The
small size of binocular disparity for background can be used to
improve the human eyes’ perception ability for relative depth
of objects. In [15], a stereoacuity function which describes the
just noticeable disparity difference was designed to enhance
the depth quality of stereoscopic images. The disparity map
is divided into two parts including the coarse disparity layer
and the detailed disparity layer. Then, the detailed disparity
layer is adaptively manipulated in depth under the guidance
of the stereoacuity function. Nur ez al. [16] investigated the
effect of depth map spatial resolution on depth perception
and video quality by encoding with different qualities. The
depth perception and the video quality are improved when the
spatial resolution of the depth map increases. A computational
stereo camera system was presented in [17], where the control
loop from capture is closed and the physical parameters are
automatically adjusted for a better 3-D perception. One of the
significant depth sensation enhancement methods is designed
based on just noticeable depth difference (JNDD) model. The
JNDD indicates that if the depth difference between neigh-
boring objects is smaller than the JNDD threshold, the human
eyes cannot perceive the change [18], [19]. Thus, the JNDD
based depth sensation enhancement algorithm aims to increase
the depth differences between neighboring objects in a visual
scene. With depth enhancement operation, human eyes can
perceive the depth difference between neighboring objects,
which cannot be perceived before enhancement. In [11], a
global depth sensation enhancement algorithm was developed
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based on the JNDD model. The depth map is segmented into
multiple layers by using the kernel density estimation (KDE),
and the depth differences between layers are stretched via
energy minimization. In [20], an improved JNDD-based depth
sensation enhancement algorithm was implemented via an
energy minimization framework based on three defined energy
terms: depth data preservation, depth order preservation, and
depth difference expansion. A modified INDD measurement
method was proposed in [21]. The physical size of objects
is adjusted to maintain the perceived size of objects. Then,
the JNDD measurement method is applied to depth sensation
enhancement, as described in [20]. In those studies, the human
depth perception was effectively improved. However, to the
best of our knowledge, there is no study investigating the prob-
lems of depth sensation enhancement for multiple virtual view
rendering. Multiview 3-D display is valuable for providing
vivid and immersive 3-D effects. However, lots of 3-D contents
just have one or two views of color images plus depth maps.
Thus, it is necessary to render multiple virtual view images
at the interpolated positions with the available color images
plus depth maps. Depth sensation reduction is inevitable in the
process of multiple virtual view rendering for 3-D display.

In this paper, we propose a novel depth sensation en-
hancement method for multiple virtual view rendering. The
contributions of the paper mainly include the following. 1) Our
work is the first attempt to address the problems in depth
sensation enhancement for multiple virtual view rendering, and
provides an optimization solution based on the energy function
built by the number of rendering views and the saliency anal-
ysis; 2) based on the fact that the depth sensation of adjacent
objects decreases greatly with the increase of the number of
generated intermediate virtual views, we derive the funda-
mental principle of depth sensation enhancement for multiple
virtual view rendering; 3) due to the different complexities of
various scenes, we analyze the limitation of depth sensation
enhancement according to the number of depth layers, and
propose to adopt saliency extraction to preferentially ensure
a certain level of depth differences between the salient object
and its neighbors in complex scenes; 4) by taking the number
of rendering views and the saliency information into consider-
ation, an energy function is designed to implement the depth
sensation enhancement for multiple virtual view rendering;
and 5) considering the temporal consistency between adjacent
frames, we extend the depth sensation enhancement method to
video applications with a newly designed energy function with
a temporal consistency preservation term.

The rest of the paper is organized as follows. Section II in-
troduces the background and related work. Section III presents
the proposed depth sensation enhancement method in detail. We
evaluate the performance of the proposed method in Section IV.
The final section concludes the paper.

II. BACKGROUND AND RELATED WORK

A. Virtual View Rendering

Virtual view rendering is defined as the process of generating
nearby views from original views. The spatial relationship be-
tween the original views and generated virtual views based on
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Fig. 1. Spatial relationship between the original views and generated virtual
views.

a rectified multiview setup is shown in Fig. 1. Assume N rep-
resent the number of rendering intermediate virtual views, the
parallax from the virtual image to left image is inversely pro-
portional to N + 1. Let P(X, Y, Z) represent a point in the 3-D
space. Pr, Pg, and P; are the projection points of P(X,Y, 7)
from different viewpoints. C'r, and Cg represent the optical cen-
ters of the left camera and the right camera. X, Xg, and X;
represent the horizontal coordinates of the projection points in
the left viewpoint, the right viewpoint, and the rendered ith vir-
tual viewpoint, respectively. B is the baseline and f is the focal
length. The relationship between the virtual views and original
views can be described as follows [22]-[24]:
Li r_ i p"F i-Bf
XX ey s T T Ny Z

(1)

where pl* denotes the disparity between the left and the
rendered ith virtual images; p# is the disparity of the cor-
responding point pair from the left and right images; ¢ is the
scaling factor representing the position of the intermediate
virtual viewpoint.

Thus, the intensity value I; of the pixel in the generated in-
termediate virtual view can be expressed as follows:

L(Xy,Y)=1 (X —c-p""Y)=1.(X1,Y) ()

where Iy, is the intensity value of the pixel in the left image.

B. Depth Sensation Enhancement Based on JNDD

Depth sensation enhancement aims to stretch the depth differ-
ence between adjacent objects in visual scenes. Jung et al. pro-
posed a depth sensation enhancement algorithm by using INDD
[20]. The algorithm firstly divides the depth map into different
depth layers by a manual segmentation method. Based on the de-
fined three terms of depth data preservation, depth order preser-
vation and depth difference expansion, an energy minimization
framework is designed to stretch the depth difference between
adjacent depth layers. The energy function in that study [20] is
defined as

E (m,mo) =Fp (m,mo) + Eop (m, mo) +FErNDpD (m7 mo)
3)
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where m® and m denote the sets of average depth of the orig-
inal and enhanced depth objects, respectively; EFp is used to
enforce minimal variety of the depth values in the depth image
where the direction of depth changes is controlled by an addi-
tional weighting function; Ey is used to control the inversion
of the local and global depth orders between objects. The most
important JINDD term, F ;5 pp, is adopted to increase the depth
differences between objects, and is defined as follows:

Ejmpp (m,m°)

M
=w; Z Z max (0, Dsavpp (my) — |m; — ‘mjl)Q 4)

i=1je¥;

where w, represents a weighting parameter, ¥; denotes a set
of segment indices which are connected to the ith segment.
D ;npp is the minimal difference between objects that can be
perceived by the human visual system (HVS), and is given as
follows [20]:

21, if0<d < 64,

19, if64 <d < 128,
Divpp(d) = 18, if128 <d < 192, ©)

20, if192 < d < 255

where d represents the pixel value in the depth map; 255 and
0 are the maximum and minimum depth values in the recorded
scene. Generally, the JINDD model is related to the types of dis-
play devices, and thus it should be refined with different display
environments [18], [20].

The genetic algorithm or the Levenberg-Marquardt (L-M) al-
gorithm can be applied to find the optimal solution in Eq. (3)
[11], [20]. The depth value d*(i, j) of the resultant depth map,
which belongs to the kth object, is linearly updated as

d* (i,§) = d° (3,5) + (mx — my) (6)
where (i, j) is the coordinates of the depth value; d”(i, j) de-
notes the original depth value at the location (z, ); k represents
the number of depth layers, ranging from 1 to M.

With the existing depth sensation enhancement algorithms
[11], [20], depth perception is enhanced, and the enhanced depth
map can be used for various depth-based multimedia processing
applications. However, those methods only stretch the depth dif-
ference between adjacent depth layers without considering the
number of virtual viewpoints and the importance of different
objects in images. Generally, the depth difference of adjacent
viewpoints decreases greatly with the increase of the number of
virtual viewpoints when intermediate virtual view images are
generated. Furthermore, since there are different depth layers in
various visual scenes, not all depth differences between neigh-
boring objects in complex scenes can reach JNDD, which limits
the enhancement performance.

In this paper, we propose a novel depth sensation enhance-
ment method for multiple virtual view rendering, to address the
aforementioned problems. We design a novel depth sensation
enhancement operation by considering the number of interme-
diate virtual viewpoints in visual scenes. Meanwhile, inspired
by the widely accepted perceptual theory that human beings’ at-
tention is attracted by the saliency information in visual scenes,

Saliency
j Extraction
iy iﬁg};ﬁ( ‘(t)}; = Seazztt?on |, Enhanced
Depth Ma
i Depth Layer Optimization Depth Map
Input Depth
Color Image — Segmentation

Fig. 2. Framework of the proposed depth sensation enhancement method.

we propose to use saliency measure to further optimize the depth
sensation enhancement operation. Furthermore, the depth en-
hancement method is extended to video applications consid-
ering the temporal consistency. Experimental results demon-
strate that the proposed algorithm can obtain better performance
than the existing ones.

III. PROPOSED DEPTH SENSATION ENHANCEMENT METHOD

The framework of the proposed method is depicted as Fig. 2.
The proposed method mainly includes saliency extraction, com-
plexity analysis of depth layer, depth segmentation, and depth
sensation optimization.

Since we aim to control the depth difference of the depth seg-
ments to enhance depth sensation, the development of segmen-
tation algorithm is not the goal in this study. Instead, the depth
segments are assumed to be available before applying the pro-
posed algorithm. Manual, semiautomatic, or automatic segmen-
tation algorithms [25]-[28] can be used for the depth segmen-
tation. Here, in order to obtain accurate segmentation results,
manual segmentation method is mainly adopted.

In the following subsections, we introduce the proposed depth
sensation enhancement algorithm in detail.

A. Principle of Depth Sensation Enhancement for Multiple
Virtual View Rendering

In order to obtain good visual experiences of depth sensa-
tion, it is necessary to enhance the depth difference in 3-D dis-
play based on multiple virtual view rendering. In this section,
a threshold called MV R jnypp is derived, which relates to the
human perceived depth difference between adjacent objects in
3-D display based on multiple virtual view rendering.

As can be observed in Eq. (1), the disparity of each virtual
image is reduced greatly when rendering intermediate multiple
virtual views. Accordingly, the depth difference between neigh-
boring objects cannot reach JNDD, since the depth difference
reduces with the increase of the number of rendering virtual
images.

The real-world depth z is usually stored as inverted depth data
[23], and the relationship between the value of the normalized
depth map d and the real-world depth value can be described as

1 1 1 1
d = round (255 : <— - > / < - >> Q)
z Zmax Zmin Zmax

where 2,4, and z,,;, represent the original maximum and min-
imum depth value of the real-world scene, respectively.

Then, according to Eq. (1), z can be calculated by ¢Bf/p.
Similarly, Zm, and 2,4, are computed by ¢Bf/pma. and
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eBf [pmin, respectively. The relationship between d and p can
be expressed as

p Pmin Pmax Pmin
d =255 - — —
o7 )/ (B 5
285 255 Puiin
Pmax — Pmin Pmax — Pmin
:Oz-p—l—ﬂ (8)

where ppqz and ppin represent the maximum and minimum
values in the disparity map.

It can be observed from Eq. (8) that 5 is a constant. As
Djnpp represents the just noticeable depth difference be-
tween the adjacent objects, the difference of depth can be
approximated as « times of the difference of disparity. Taking
the parameter o and the number of rendering virtual viewpoints
N into consideration, the JNDD model for multiple virtual
view rendering, MV R ynpp, can be expressed as follows:

N +1
MVRjnpp (p) = g -Djnpp (d) ©
According to the MV Rjyypp model, those disparity dif-
ferences between neighboring layers, which lower than

MV R ;NpD, are required to be stretched.

B. Selective Enhancement for Complex Scenes

The depth sensation enhancement operation tries to enhance
the depth difference between each pair of neighboring depth
layers to reach JNDD. With the increase of scene complexity,
the depth sensation enhancement method cannot ensure the
depth difference of each neighboring depth layer. Research
studies on visual attention have shown that human eyes do not
treat the content equally in a scene and usually focus on some
specific regions selectively. Therefore, a limiting factor K is
introduced to control the employment of visual attention for
depth sensation enhancement in different scenes. The factor K
is formulated as

256

D d
it Dooo (@)

k=71 (19)

When the number of depth levels of a scene is less than or equal
to K, the scene is defined as a simple scene, and can be directly
stretched using the MV R ;ypp model. When the number of
depth levels is larger than K, the scene is defined as a com-
plex scene, and can be adjusted by the following selective en-
hancement method. In our experiments, as the same with [20],
the depth levels are obtained by depth segmentation. In other
words, the number of the depth levels is equal to the number of
the layers of depth segmentation.

Considering that the biological vision systems tend to find the
most informative region in a scene [29]-[32], visual saliency
detection can be adopted to extract salient object in a complex
scene. The salient map is computed by using the method in
[29], and the most salient segment is marked as the salient re-
gion. Then, the depth map is divided into salient and non-salient
parts, processed by different strategies. Fig. 3 shows an ex-
ample for describing the selective enhancement method for the
depth map. In this figure, Obj I represents the salient object, and
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Fig. 3. Example of describing the selective enhancement method.
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Fig. 4. An instance of the result of the selective enhancement method.
(a) Before enhancement. (b) After enhancement.

Obj2 and Obj4 are the neighboring objects of Objl. Obj3 and
Obj5 denote other objects which are not neighboring with Obj1.
If the depth difference between Objl and Obj2 or Objl and
Obj4 is less than MV R ;npp, we adjust the depth map such
that neighboring objects, Objl and Obj2 or Objl and Obj4, in
the depth image can have a depth difference which is at least
MV R ;npp. Fig. 4 shows a more detailed instance of the result
of the proposed selective enhancement method. In this figure,
do1,dos, dos, doa, and dps represent the average depth values
of Objl, Obj2, Obj3, Obj4, and Obj5, respectively. Assume
that the depth differences between Objl and its neighboring
objects are less than MV R jnxpp, the enhancement result can
be seen in Fig. 4(b). The distances, between the salient object
Objl and the neighboring objects Ob;j2 and Obj4, are firstly
ensured to be enhanced. The other parts of neighboring ob-
jects are also enhanced without ensuring the distance reaching
MV R ;npp.- Selective enhancement of the depth map is clearly
advantageous, since it is impossible to ensure the depth differ-
ence of each neighboring object when there are many objects in
a scene.

C. Depth Sensation Optimization Based on Energy Function

In this section, we propose an energy function for depth
sensation enhancement which takes the multiple virtual view
rendering and selective enhancement into consideration. Let 2:¥
represent the average disparity value of the ith depth layer of
the original depth map. Similar to (3), the target value for each
object is found by minimizing the following energy function:

E (z,2") = Ep (2,2°) + Eo (2,2°) + Emvr (2,2°)
(11)
(12)

2" = argmin K (;L‘,mo)
x
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where

={ali=1,.. .M}, 2" ={a}li=1,...M} (13)
where 20 and 2* are the sets of the average disparity values of
the original and enhanced depth segments, respectively. Eysv g
enables the stretching of the depth difference, and is defined as
follows:

Emvr (z,2°)
M
=w Y N 5 max (0, MVRynpp (o) — | — a5])”
i=1j€¥;

(14)

where ¥; denotes a set of indices of the segments connected
to the 2th segment; wy is a weighting factor. The cost for each
depth layer is weighted according to the saliency of the depth
layer, and the weight .S; is defined as

S = { A if the ¢th segmention is salient region,
’ 1 otherwise.

(15)

where the factor A is a constant larger than 1. We use a large
value of A for the salient region to ensure the enhancement of
the depth differences between salient part and its neighboring
objects. According to the limiting factor K, the depth differ-
ence between the salient object and the neighboring objects, is
given preferred guarantee. The depth differences of other parts
are enhanced by optimization algorithms, which cannot ensure
the depth differences of all neighboring objects.

The solution of Eq. (12) is generated by using the genetic
algorithm, which is a powerful tool for solving nonlinear and
nonconvex objective functions.

D. Extension to 3-D Video

In this part, we extend the depth sensation enhancement to
video applications with a newly designed energy function. The
main difference between video and image is the temporal co-
herence which exists between continuous frames of a video se-
quence. Therefore, the temporal coherence constraint must be
considered when processing a depth video by depth sensation
enhancement algorithm. We propose a novel energy function
which takes temporal coherence into account. Differing from
the above energy function, a temporal consistency preservation
term is added. The target depth for each depth frame is found by
minimizing the following energy function:

E (2(t),2°(t)) = Ep (2(),2°(t)) + Eo (2(t),2°(t))
+Eumve (:L’(t), :L‘O(t)) +Erump (:L‘(t), :L’O(t))
(16)

2*(t) = argmin E (2(t),2°(t)) 'W))

z(t)

where

) ={z}@)i=1,... M} ,2"(t) = {al@)]i=1,... M}

(18)
where 2°(¢) and x*(t) are the sets of the average disparity
values of the original and enhanced depth segments for the

current frame, respectively. Epasp is the temporal consistency
preservation term which is defined as follows:

ETMP (l(t),l'o(t))

= iwi(t) (i) — 20®) — (27t~ 1)~ al(t - 1))’
- (19)

where
wi(t) = ci(t) -exp (—|af(t) — 2}t - 1)) (20)

¢; (t) represents the count of pixels in the ith segment. If the ab-
solute difference between x°(¢) of the current frame and 2° (¢ —
1) of the same position in previous frame is smaller, the con-
fidence of Erppsp is higher. Therefore, the error between con-
secutive frames can be reduced. This temporal term is useful to
enforce minimal change of the depth values between adjacent
frames.

IV. EXPERIMENTAL RESULTS

A. Experimental Setup and Parameter Setting

In order to evaluate the effectiveness of the proposed method,
the color images and the corresponding ground-truth disparity
maps provided by Middlebury database [33]-[35] were used in
our experiments. Test images include Aloe, Baby1, Venus, Moe-
bius, Midd1, and Bowling1. The focal length is 3,740 pixels and
the baseline is 160 mm. In the experiments, the existing holes
in the original depth maps are filled using the median filter. The
color images are shown in Figs. 5(a)—(f), and the corresponding
depth segmentation results, obtained by manual segmentation,
are shown in Figs. 5(g)—(D).

The input color image and the consistent depth map were
used to render multiple virtual views. The positions of the ren-
dered intermediate virtual views are obtained according to lin-
early change ¢ in Eq. (2) from O to 1 in the experiment. For
example, if we render two intermediate views, the values of ¢
are 1/3 and 2/3. The application of the depth sensation enhance-
ment for multiple virtual view rendering is shown in Fig. 6. The
enhanced depth map includes the depth map processed by con-
ventional algorithm [20] and the proposed method. All the depth
maps used to generate multiview stereoscopic images are pre-
processed by an additional depth map filtering method [36] to
reduce the holes in the generated virtual viewpoint images.

The solution of Eq. (12) is dependent on the factor A. The
performance of the proposed algorithm is evaluated with
respect to the setting of A when rendering two intermediate
views. Fig. 7 shows the number of depth pairs between the
salient part and its adjacent objects which depth differences
below the MV R ;npp by varying the weighting parameter A.
As X increases, the influence of salient part in the MV R;npp
term strengthens, and therefore the depth sensation between the
salient part and its adjacent objects is preferentially enhanced.
When A is larger than 50, the number of depth pairs between
the salient part and its adjacent objects, which depth differences
below the MV R ;npp, becomes zero. Considering that a
larger A will influence the enhancement of depth sensation for
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O}

Fig. 5. Monoscopic color images (a)—(f) and the corresponding depth segmentation results (g)—(1). (a) Aloe (427 x 370). (b) Babyl (413 x 370). (c) Venus
(434 x 383). (d) Moebius (463 x 370). (e) Middl1 (465 x 370). (f) Bowlingl (417 x 370).

Enhanced Input
Depth Map  Color Image
Depth Filtering J

| Multiview Rendering |

Image Inpainting

Multiple Virtual Views

Fig. 6. Application of the depth sensation enhancement for multiple virtual
view rendering.

non-salient parts, we empirically set the value of A to be 50.
The other parameters are set as the same with [20].

B. Performance Evaluation on Depth Map and Virtual View

In this section, we first analyze how the energy function mod-
ifies the depth map. It should be noted that the proposed method
changes the depth difference between depth layers only when
the depth difference is less than MV R;ypp. Fig. 8 shows
the results of depth sensation enhancement. For comparison,
the original depth maps and the resultant depth maps using

the conventional method of [20] are also shown in Fig. 8. In
this figure, the left column shows the original depth maps, the
middle column shows the enhanced results by the conventional
method [20], and the right column shows the enhanced results
by the proposed method. Obviously, we can observe that the
depth differences between many neighboring depth layers
which are less than MV Ry;nypp have been increased. This
increase can result in the depth sensation enhancement for
the stereoscopic images. Meanwhile, it can be observed that
the depth differences between neighboring depth layers are
more obvious than those from the conventional method of
[20]. We can evaluate the performance of the enhanced depth
maps based on the gray-difference. In Aloe, according to the
gray-difference between the flower and the background, the
right one processed by the proposed method is stronger than the
middle one processed by the conventional method. Similarly,
the gray-difference between the green paper on the left and
the newspaper on the right in Venus, the pink hexagon in the
middle and the plaid boxes on the right in Moebius, the gray
hat and the yellow board in Middll, and the green ball and the
two bowling pins in Bowlingl, all have been increased. It is
worthwhile to point out that the pink hexagon in (d), the yellow
hat in (e), and the green ball in (f), which are marked with
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Fig. 7. Number of depth pairs between the salient part and its adjacent objects which depth differences below the MV R ;xpp for different values of A. From

left to right are the results for (a) Moebius, (b) Middll, and (c) Bowlingl.

®

Fig. 8. Results of depth sensation enhancement. The depth maps from top to
bottom are from the images of (a) Aloe, (b) Babyl, (c) Venus, (d) Moebius,
(e) Middl1, and (f) Bowlingl. From left to right are original depth maps (left),
resultant depth maps using the conventional method [20] (middle), and resultant
depth maps using the proposed method (right).

red border lines, are the salient objects in each corresponding
scene. The depth differences between the salient objects and
their neighboring objects are obviously stretched.

In the next step, the enhanced depth map is adopted to render
virtual view images. In the experiment, two intermediate views
to be rendered are taken as example. In other words, N in (1) is
set as 2.

Since an increase in the depth difference between segments
may produce additional holes after image rendering, the holes
should also be considered for the visual quality of the stereoscopic
images. Thus, image inpainting is used for filling holes [37] after
virtual view rendering. Fig. 9(a) and Fig. 10(a) show the results of
rendering without hole filling for Venus and Moebius, respec-
tively, and Fig. 9(b) and Fig. 10(b) show the hole filling results.
It can be observed that, the hole filling processing is important
to ensure the quality of the generated stereoscopic images.

C. Subjective Evaluation of Depth Sensation and Image
Quality on 3-D Display

In this section, we compare the depth sensation and the vi-
sual quality of the stereoscopic images generated by the original
depth map, the conventional algorithm [20], and the proposed
algorithm. For fair comparison, the energy functions in all com-
paring algorithms were solved by genetic algorithm with the
same crossover, mutation operations, and the same parameter
settings. Subjective evaluations were conducted using the 3-D
WINDOWS-19A0 display produced by Tianjin 3-D Imaging
Technique Co., Ltd. The environmental illuminance was 200
lux, the peak brightness was 250 cd/m” and the black level
brightness was 0.05 cd/m?. We evaluated the subjective quality
of the generated stereoscopic images using stimulus comparison
[38]. Twenty non-expert subjects with normal or corrected-to-
normal visual acuity participated in the experiment. All of them
had no experience with depth sensation enhancement. The sub-
jects were asked to assess the visual quality and depth sensa-
tion while watching the content on the 3-D display. Based on
the stimulus comparison method [20], [38], the subjects marked
according to the comparison scale in Table I. Firstly, the stereo-
scopic images were composited by the left view and the 1/3-
viewpoint virtual image. It can be observed that the proposed al-
gorithm improves the depth sensation for the stereoscopic image
contents and outperforms the conventional algorithm [20], as
shown in Fig. 11. The error bars indicate 95% confidence in-
terval. Since the depth values are properly changed, the stereo-
scopic images obtained using the proposed algorithm provide
better depth sensation than those obtained using the conven-
tional algorithm. The paired t-test [30] was performed to eval-
uate the statistical significance of the subjective evaluation re-
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Fig. 9. Image rendering results from Venus. (a) 1/3-viewpoint images using the original depth map (left), the depth map obtained using the conventional method
(middle), and the depth map obtained using the proposed method (right), respectively. (b) 1/3-viewpoint images after hole fillings for (a).

o

Fig. 10. Image rendering results from Moebius. (a) 1/3-viewpoint images using the original depth map (left), the depth map obtained using the conventional
method (middle), and the depth map obtained using the proposed method (right), respectively. (b) 1/3-viewpoint images after hole fillings in (a).

sults. The computed t-value for Fig. 11(a) is 0.0019. When a
universal threshold of 0.05 is used, the comparison result is sta-
tistically significant.

In order to show that the proposed method can be commonly
applied for other virtual viewpoints, the same subjective evalu-
ation experiment for stereoscopic display was conducted using
the 1/3- and 2/3- virtual viewpoints. As shown in the exper-
imental results from Fig. 12(a), the proposed algorithm out-
performs the conventional algorithm, and improves the depth
sensation of the stereoscopic image. The computed t-value for
Fig. 12(a) is 0.0059, which means the comparison result is sta-
tistically significant.

It is worthwhile to mention that, the evaluation results of
Babyl in Figs. 11 and 12 are almost the same between different
algorithms and the depth sensation scores are close to zero, since

TABLE 1
COMPARISON SCALE FOR THE SUBJECTIVE QUALITY EVALUATION

-3 Much worse
-2 Worse

-1 Slightly worse
0 The same

+1 Slightly better

+2 Better

+3 Much better

the depth differences in Baby!1 are large enough. In other words,
the depth differences between adjacent objects in the original
depth map of Babyl, are larger than MV R ;nypp and do not
need to stretch. This phenomenon is also consistent with the
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Fig. 11. Subjective quality evaluation results using the left viewpoint and the
1/3-virtual viewpoint. (a) Depth sensation. (b) Visual quality.
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Fig. 12. Subjective quality evaluation results using the 1/3-virtual viewpoint
and the 2/3-virtual viewpoint. (a) Depth sensation. (b) Visual quality.

objective experimental data. It is confirmed that depth sensa-
tion enhancement method would not change the depth map if it
is not required to be enhanced.

For simple scenes, since the main difference is the threshold
used in the process of depth sensation optimization, the com-
plexity of the proposed method does not increase in this case.
For complex scenes, the saliency analysis is adopted to give pre-
ferred guarantee to the depth differences between the salient ob-
ject and its neighbors, thus the proposed method requires more
time than the conventional method. However, the running time
of the saliency extraction [29] is much shorter than the process
of depth sensation optimization. Therefore, there is little in-
crease in terms of complexity for the proposed method.

D. Evaluation on Multiview Autostereoscopic Display

In order to sufficiently evaluate the performance of our
proposed method, a multiview autostereoscopic display called
3DFreeEyE42HD based on parallax barrier was used in the
experiment. The same original color images (as shown in
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Fig. 13. Subjective quality evaluation results for multiview autostereoscopic
display. (a) Depth sensation. (b) Visual quality.

Fig. 5) were adopted. Each reference view and its corre-
sponding enhanced depth map are used to render seven views
(linearly change ¢ in (2) from 1/7 to 7/7). Then, eight views
(the reference view and seven virtual views) of each scene
are obtained as input multiview images. For comparison, the
original depth maps and the resultant depth maps using the
conventional method [20] are also used to generate the resul-
tant images for autostereoscopic display. Fig. 13 shows the
subjective quality evaluation results with the same evaluation
standard described in Section IV-C. In this experiment, the
resultant stereoscopic images are displayed on the multiview
autostereoscopic display. As shown in the experimental results
in Fig. 13, the proposed algorithm improves the depth sensation
of the multiview images for autostereoscopic display. The
computed t-value for Fig. 13(a) is 0.0024, which indicates that
the comparison result is statistically significant.

E. Evaluation of Depth Sensation Enhancement With Video

To evaluate the performance of our depth enhancement
method for video, we test two sequences, Alt Moabit [39] and
Lovebirdl [40]. The corresponding original depth videos are
generated by Depth Estimation Reference Software (DERS)
[41]. The number of depth frames was set to 50. The orig-
inal views of the two test sequences and their corresponding
depth sequences are illustrated in Fig. 14. Firstly, the manual
segmentation method is adopted. The segmentation results are
shown in Fig. 15(a). The enhancement results for multiview
autostereoscopic display with temporal term constraint and
without temporal term constraint are shown in Fig. 15(c) and
(d), respectively. Then, the fully-automatic segmentation
method in [28] is used, and the experimental results are shown
in Figs. 16 and 17. From the figures, it can be observed that the
depths of the silver car in Alt Moabit (marked in Figs. 15 and
16) are more consistent between different frames with the
proposed temporal term. Similarly, the depths of the tree in
Lovebirdl (marked in Fig. 17) processed with the temporal
term have better temporal consistency.
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(©) (d)

Fig. 14. Test sequences (a)—(b) and their corresponding depth maps (c)—(d).
(a) Alt Moabit. (b) Lovebirdl.

(b)

(c)

(@

Fig. 15. Enhancement results of the 1st—3rd frames of Alt Moabit by semi-
automatic method. (a) Manual segmentation results. (b) Original depth maps.
(c) Enhancement results without temporal term. (d) Enhancement results with
temporal term.

To objectively evaluate the temporal consistency, we ana-
lyzed the degree of depth fluctuation by calculating the average
depth values in static areas which are marked in Fig. 14. The
average depth values of marked regions are plotted in Fig. 18.
The dotted line and solid line represent the results without
temporal term and with temporal term, respectively. It can be
observed from the figure that the depth fluctuation is strongly
reduced with the temporal consistency preservation term. The
standard deviations are 17.19 without temporal term constraint
and 7.16 with temporal term constraint for the marked region
of Alt Moabit, and 5.80 and 1.21 for Lovebirdl, respectively.
The proposed method can improve the temporal consistency of
depth sensation enhancement for depth videos.

IEEE TRANSACTIONS ON MULTIMEDIA, VOL. 17, NO. 4, APRIL 2015

()

Fig. 16. Enhancement results of the 1st—3rd frames of Alt Moabit by fully-
automatic method. (a) Fully-automatic segmentation results. (b) Original depth
maps. (¢) Enhancement results without temporal term. (d) Enhancement results
with temporal term.

W
(d)

Fig. 17. Enhancement results of the 36th—38th frame of Lovebirdl by fully-
automatic method. (a) Fully-automatic segmentation results. (b) Original depth
maps. (¢) Enhancement results without temporal term. (d) Enhancement results
with temporal term.

F. Discussion

It should be noted that the proposed algorithm sometimes ob-
tains slightly lower visual quality scores compared to those ob-
tained using the original depth map. This is because that the hole
regions usually increase with an increase of the depth difference,
and precise hole filling is not always guaranteed. Generally,
there are two basic types of 3-D video formats for DIBR, namely
the single-view-plus-depth (SVD) format and the multi-view-
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Fig. 18. Average depth variation of the marked region. (a) Alt Moabit. (b) Lovebird1.

plus-depth (MVD) format [42]. The proposed depth sensation
enhancement method adopts SVD as input in this study. MVD,
including stereo color-depth and multiview color-depth, may
be available as input for multiview 3-D display. If the possible
degradation of the visual quality of the 3-D contents is unac-
ceptable in some applications, we can try to use image blending
technologies based on MVD. In this situation, both the left-view
and right-view depth maps are required to be enhanced, and the
processed right-view depth map has to be matched with the en-
hanced left-view depth map.

It is also worthwhile to mention that depth segmentation is the
basis of depth sensation enhancement. A better fully-automatic
depth segmentation algorithm is desired for the promotion and
application of depth sensation enhancement.

V. CONCLUSION

In this paper, we have presented a depth sensation enhance-
ment method for multiple virtual view rendering. Different from
previous studies, the proposed method considers the influence
of virtual multiview rendering and the complexity of the scene.
First, we propose to enhance the depth sensation of objects by
considering the number of rendering intermediate views. Be-
sides, the saliency measure is adopted to guarantee the depth
sensation enhancement of salient objects in images. Then, the
depth sensation enhancement is conducted based on a proposed
energy function considering the number of rendering views and
the selective visual attention. Finally, considering the temporal
consistency between adjacent frames, a novel energy function
with temporal consistency preservation term is proposed to ex-
tend the depth sensation enhancement to video applications. Ex-
perimental results demonstrate that the depth perception is suc-
cessfully improved as expected. The proposed method makes it
possible to apply depth sensation enhancement for 3-D display
based on DIBR.
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